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ABSTRACT
In an effort to improve the overall safety of the current and future air trans-
portation system, researchers have been investigating the causes and series
of events that can potentially lead to aircraft loss of control (LoC) as well as
methods to prevent the occurrence of such events. This challenging problem
has led to the development of an in-flight LoC prediction and prevention
system, which is based on a quantitative approach for LoC characterization
introduced by the Boeing Company and NASA Langley Research Center.
This study presents a preliminary assessment of the proposed LoC predic-
tion and prevention system through an analysis of the pilot-in-the-loop sim-
ulated flight test. The goal is to evaluate the system’s ability to arrest the
development of an LoC sequence and assist the pilot in performing advanced
maneuvers and in flying an aircraft through adverse environmental condi-
tions, while preserving safe aircraft operation.
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CHAPTER 1
INTRODUCTION
1.1 Motivation
The Commercial Aviation Safety Team (CAST) defines aircraft loss of control
(LoC) as “significant, unintended departure of the aircraft from controlled
flight, the operational flight envelope, or usual flight attitudes, including
ground events,” and determines that LoC is one of the three major causes of
fatal accidents worldwide [1]. In fact, statistical data based on investigations
of past aircraft accidents has shown that LoC is the largest principle category
of worldwide commercial aircraft fatal accidents. As represented in Figure
1.1, loss of control was responsible for 18 fatal accidents resulting in a total
of 1,698 fatalities from 2003 through 2012 [2].
Figure 1.1: Fatal accidents of commercial aircraft from 2003 to 2012 [2].
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The statistics have led to an industry-wide effort to develop technologies
that can ultimately prevent future aircraft loss of control accidents. However,
it is not yet possible to formulate a single strategy to prevent all LoC-related
accidents because even though LoC is the leading cause of these accidents, its
initiating factor may vary in different cases and there is no particular factor
responsible for every accident. A detailed accident analysis of 126 fatal LoC
accidents occurring between 1979 and 2009, as shown in Table 1.1, classifies
contributing factors of these accidents into 3 categories: adverse onboard
conditions, vehicle upsets, and external hazards and disturbances [3]. In
most cases, aircraft LoC is not caused solely by the initial factor, but is a
sequence of contributing factors that eventually lead to an aircraft accident.
Table 1.1: Sequencing of LoC Accidents Contributing Factors [3]
Although many of these factors are unforeseeable, it is possible to reduce
the number of LoC-related accidents caused by certain factors, such as crew
input errors, by using an advanced flight control system as a prevention tool.
The strategy behind this preventive system is to detect sequences of events
and prompt appropriate crew responses before the onset of LoC.
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1.2 Current Research
In 2010, researchers at NASA led by Christine M. Belcastro and Steven R. Ja-
cobson proposed a concept of future onboard integrated systems technologies
to prevent the occurrences of aircraft LoC by providing avoidance, detection,
prevention, and the capabilities to recover from loss of control [4]. The pro-
posal has introduced a research direction for the ongoing research effort to
develop a technology for aircraft LoC prevention. Motivated by this concept,
a joint research collaboration between researchers at the University of Illinois
at Urbana-Champaign and the University of Connecticut was formed under
the supervision of NASA Langley Research Center to develop technologies
to prevent LoC-related accidents under the framework called Integrated Re-
configurable Control for Vehicle Resilience, known as iReCoVeR. Figure 1.2
shows a block diagram of the iReCoVeR framework, which integrates resilient
flight control systems with LoC prediction and prevention system, algorithms
for flight envelope determination, and online fault detection and isolation [5].
Figure 1.2: Architecture of the iReCoVeR framework.
1.3 Scope of Research
This study focuses on the simulated flight tests of the LoC prediction and
prevention system for the iReCoVeR framework. The main objective of this
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system is to detect an occurrence of events that can potentially lead to an
aircraft loss of control and prevent the pilot from maneuvering an aircraft
further into hazardous situations. A quantitative definition of loss-of-control
of commercial transport aircraft introduced by James Wilborn of the Boeing
Company and John Foster of NASA Langley Research Center in [6] is used
as a foundation of the LoC prediction algorithm. The developed LoC predic-
tion and prevention control system has been implemented and tested on the
NASA’s Transport Class Model (TCM), a full-scale non-proprietary trans-
port simulation model [7]. The pilot-in-the-loop simulated flight tests have
been conducted at the Illinois Simulator Laboratory [8] at the University of
Illinois at Urbana-Champaign. These tests aim to provide a pilot evalua-
tion of the LoC prediction and prevention system as well as to analyze the
system’s performance in assisting the pilot maneuvers through adverse envi-
ronmental conditions, while preserving safe aircraft operation by preventing
erroneous crew input that could potentially lead to LoC. The results are used
to verify expected aircraft response, and to observe any unusual responses.
All of these tests were performed by a transport category certificated pilot.
A detailed explanation of the LoC prediction and prevention system along
with the preliminary simulation test results was published by the author and
some content in this thesis can be equivalently found in [9].
1.4 Overview
This thesis is organized into chapters addressing the different aspects of the
study. Chapter 2 provides a brief background on flight dynamics and the
aircraft components that concern this particular research. Next, Chapter 3
discusses existing approaches to define aircraft LoC and introduces a quan-
titative definition that is used as a foundation of the LoC prediction and
prevention system. The LoC prediction and prevention system is introduced
in Chapter 4, which provides details on how the proposed system detects
and arrests the development of potential LoC events. Chapter 5 presents the
pilot-in-the-loop simulated flight test scenarios and results as well as a brief
overview of the flight simulator facility and the aircraft model used in for
this study. Finally, Chapter 6 provides the conclusions and the directions of
future research.
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CHAPTER 2
FLIGHT DYNAMICS
This chapter provides a brief overview of flight dynamics and variables used
to describe motion of a rigid aircraft. The term rigid means that structural
flexibility is not allowed for, and all points in the vehicle are assumed to
maintain the same relative position at all times [10]. A mathematical model
of an aircraft, known as the equations of motion, provides a foundation of a
flight dynamics framework, which relates qualitative descriptions of an air-
craft to quantifiable characteristic parameters [11]. In a three-dimensional
space, a rigid body has freedom of movement, referred to as the six degrees
of freedom (6DoF), which includes the translational motion along three per-
pendicular axes and the angular motion about these three axes. Vectors in
three dimensions are used to describe motion of the vehicle; therefore, it is
important to first introduce the frames of reference and coordinate systems to
specify relative positions and velocities, components of vectors and elements
of matrices [12].
2.1 Frames of Reference
The principle reference frames commonly used to describe aircraft dynamics
are the following:
• Earth-fixed reference frame (Earth axes), FE(oE, xE , yE, zE), which is
an Earth surface reference frame with an origin as close to the aircraft
as possible. For the purpose of aircraft dynamics analysis, this refer-
ence frame is treated as an inertial reference frame. An Earth axis is
determined by selecting a reference point, oE, on the Earth’s surface as
an origin of a coordinate system, and letting xE point to the north, yE
point to the east, and zE point downward in parallel with the gravity
vector.
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• The vehicle-carried vertical reference frame, Fv(ov, xv, yv, zv), is defined
similarly to the Earth axes with zv pointing downward in parallel with
the gravity vector. However, the difference between this reference frame
and the Earth-fixed frame is that the origin, ov, is attached to the
aircraft (generally, at the aircraft’s center of gravity) and xv can point
in any direction of flight, although it is common and convenient to let
xv point to the north. The Earth-fixed and the vehicle-carried vertical
reference frame are mainly used for flight localization and navigation.
• The body-fixed reference frame (body-axes), Fb(ob, xb, yb, zb), is a fixed
set of axes in a rigid body used to describe aircraft attitude with the
origin at the airplane’s center of gravity. The standard orientation of
the body-axes coordinate system is defined by a right-handed orthogo-
nal axis system with xb pointing in the direction parallel to the aircraft
horizontal fuselage, and zb pointing “downward”. The xbzb plane de-
fines the plane of symmetry of an aircraft. The translational motion
of an aircraft is given by the velocity components, u, v, w due to the
forces X, Y, Z acting along the xb, yb, zb axes, respectively. The rota-
tional motion is given by the angular velocity components denoted as
p, q, r, due to the moments L′,M,N 1, also about the xb, yb, zb axes. A
summary of motion variables related to the body-axes can be found in
Table 2.1.
• The wind reference frame (wind-axes), Fw(ow, xw, yw, zw), is defined by
a right-handed orthogonal axis system with an origin at the airplane’s
center of gravity and xw pointing in the direction parallel to the flight
path vector, V0, of an aircraft relative to the atmosphere.
2.2 Angles
2.2.1 Aerodynamic angles
Aerodynamic angles play an important role in determining the aerodynamic
forces acting on the aircraft. For a steady symmetric flight, the wind-axes
1Roll moment is represented by L′ to avoid confusion with the Lift force, which is
represented by L.
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Table 2.1: Summary of motion variables in a fixed-body axes [11]
Flight Parameter Roll Axis Pitch Axis Yaw Axis
Aircraft axis xb yb zb
Translational velocity u v w
Forces X Y Z
Angular velocity p q r
Moments L’ M N
are merely a rotation of the body-axes around yb. The angle between yb and
yw is called the angle of attack (AoA), represented by α. However, if the
flight condition is not symmetric, meaning that xw is not contained in the
plane of symmetry, then the angle between xb and xw creates an angle called
the sideslip angle, represented by β. In that case, α is the angle between
xb and the projection of V0 on the plane of symmetry. Figure 2.1 shows an
illustration of the angle of attack and the sideslip angle.
Figure 2.1: Illustration of an angle of attack and a sideslip angle.
Angle of attack is one of the most important flight parameters for under-
standing aircraft performance. Lift on the wings is proportional to the square
of airspeed, and at any given airspeed, an increase in AoA will cause lift to
increase. Therefore, as the airspeed decreases, AoA will increase to uphold
the same amount of lift in order to maintain the same flight path. Large
AoA can lead to a very critical in-flight condition known as stall. Stall can
occur at a wide range of speeds at any altitude and any power setting. It
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occurs when the angle of attack is high enough that the airflow detaches from
the upper surface of the wings resulting in a sudden loss of lift, which may
lead to a loss of control of the aircraft. The maximum angle of attack, which
corresponds to the maximum lift prior to stall, is known as the critical angle
of attack and the slowest speed in which the aircraft is capable of flying a
straight and level flight is called the stall speed [13].
2.2.2 Euler angles
Euler angles are used to measure the orientation between two reference
frames. They are defined by the clockwise rotation about each of the three
axes of a right-handed orthogonal axis system. In the study of flight dy-
namics, the Euler angles are used to describe the attitude of an aircraft by
measuring the angular orientation of the body axes, Fb, or the wind axes Fw,
with respect to the vehicle-carried vertical reference frame, Fv. These three
angles are (1) bank angle, φ, (2) pitch angle, θ, and (3) yaw angle, ψ.
In order to obtain the actual orientation of Fb or Fw with respect to
Fv, first rotate (xv, yv, zv) about zv through the yaw angle, ψ, to the frame
(x1, y1, z1). From (x1, y1, z1), rotate about y1 through the pitch angle, θ, to
the frame (x2, y2, z2). Finally, rotate (x2, y2, z2) about x2 through the bank
angle, φ, to bring the frame to Fb(xb, yb, zb) [11].
In addition to identifying these angular quantities, it is also useful to de-
termine the rates in which the aircraft’s attitude changes with respect to
Fv and relate them to the angular velocities of Fb, by performing an axes
transformation. The attitude rates of an aircraft are denoted by φ˙, θ˙, ψ˙, and
the body rates are represented by p, q, r for the roll axis, pitch axis, and yaw
axis, respectively. Although a detailed explanation of an axis transformation
is not presented in this section, the result from the calculation found in [11]
shows that:
Roll rate p = φ˙− ψ˙ sin θ
Pitch rate q = θ˙ cosφ+ ψ˙ sinφ cos θ
Yaw rate r = ψ˙ cosφ cos θ − θ˙ sin φ
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2.3 Flight Control Surfaces
The flight control surfaces are designed to generate movement about the
lateral, longitudinal, and vertical axes of an aircraft and allow the pilot to
govern the direction of an aircraft. The primary flight control surfaces on
a fixed-wing aircraft, shown in Figure 2.2, consist of ailerons, elevators, and
a rudder. The ailerons are located near the wing tips to generate a rolling
moment, L′, by deflecting one aileron up and the other aileron down. Roll can
be referred to as lateral motion, and ailerons are known as lateral controls.
The elevators are found on the horizontal tail, also known as the horizontal
stabilizer, to create a pitching moment by deflecting up and down in the
same direction. Pitch is also known as longitudinal motion, and therefore
the elevators are called longitudinal controls. The rudder is located on the
vertical stabilizer, which contributes to yawing moment by deflecting left and
right to create aerodynamic force on the tail. Yaw can be called directional
motion and the rudder is known as the directional control. Flaps are another
mechanism, playing an important role during flight takeoff or landing when
the aircraft experiences low flight velocities closer to stall speed. Flaps are
located at the trailing edge of the wing. The downward deflection (extension)
of flaps increases the lift coefficient for the same angle of attack, enabling the
aircraft to fly at lower airspeeds and to take off and land without stalling [14].
9
Figure 2.2: Aircraft structure [15].
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CHAPTER 3
DEFINITION OF AIRCRAFT
LOSS-OF-CONTROL
3.1 Standard Definition of Loss-of-Control
Since the primary focus of this study is on the test and development of a loss-
of-control prediction and prevention system for the iReCoVeR framework, it
is important to first determine a standard definition of aircraft LoC and how
it is measured before a system can be designed and developed to anticipate
and prevent the occurrence of an LoC event.
Aircraft loss of control is often described as motion of an aircraft that is (1)
outside the normal operating flight envelopes, (2) not predictably altered by
pilot control inputs, (3) characterized by nonlinear effects such as oscillation,
(4) likely to result in high angular rates and displacements, and (5) unable
to maintain heading, altitude, and wings-level flight [6]. This description of
LoC captures the key characteristic that the pilot may lose control as the
response becomes more unpredictable. However, for the development of an
LoC prediction and prevention system, a qualitative definition alone is not
sufficient. It is also necessary to obtain a quantitative definition of loss of
control.
According to industry standards, the following conditions are considered
as an aircraft upset [16]:
• Pitch attitude > 25 degrees
• Pitch attitude < −10 degrees
• Bank angle > ±45 degrees
• Flying at inappropriate airspeed
However, this definition may not be applicable throughout the entire flight
trajectory as these limits may change depending on other variables. For
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example, at higher altitude where air density decreases, the margin of safe
speed between critical Mach and stalling decreases and an extreme control
input is more likely to put an aircraft into stall than when the aircraft is flying
at a lower altitude. Therefore, assigning fixed values as flight envelope limits
may not be the most suitable approach for an LoC prediction and prevention
system. This leads to a new quantitative approach to define loss of control
known as the Quantitative Loss-of-Control Criteria, (QLC), which provides
a foundation for the LoC prediction and prevention system of the iReCoVeR
framework.
3.2 Quantitative Loss-of-Control Criteria
In 2004, James Wilborn of the Boeing Company and John Foster of NASA
Langley Research Center proposed a Quantitative Loss-of-Control Criteria,
a quantitative approach to define loss of control of commercial transport air-
craft, by combining the results from investigations of past aircraft accidents
with the industry standard definition of aircraft upset [6]. The approach
takes a flight dynamics perspective and defines metrics in terms of flight pa-
rameters such as angle of attack, airspeed, pitch attitude, pitch rate, sideslip,
and bank angle, among others. The metrics are composed of five envelopes
relating to the airplane flight dynamics, aerodynamics, structural integrity,
and flight control use. These envelopes include:
1. Adverse Aerodynamics envelope: This envelope characterizes “maxi-
mum limits of angle of attack and angle of sideslip that a line pilot
should expect to encounter in normal flight conditions, including all
emergency procedures covered by checklist” [6]. Normalized values of
angle of attack and angle of sideslip are used so that the envelope is
applicable to various types of aircraft.
2. Unusual Attitude envelope: This envelope maps pitch angle, Θ, against
bank angle, Φ, which illustrates the relationship between aircraft atti-
tude parameters that pilots rely on heavily during recovery procedures.
The values used as boundaries of this envelope come from industry
standards as defined in [16].
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3. Structural Integrity envelope: This envelope relates normal load factor
at the center of gravity, nGz , to normalized airspeed and can be used
to identify accelerated stalls, overspeed, and structural overload. The
boundaries of the envelope correspond to the Federal Aviation Admin-
istration (FAA) regulations for aircraft structural design.
4. Dynamic Pitch Control envelope: This envelope maps dynamic pitch
attitude, Θ′ := Θ + Θ˙, to pitch-axis control authority. The dynamic
pitch can be viewed as a first-order one-second-ahead prediction of
pitch angle. The envelope anticipates unusual attitudes by taking into
account not only pitch attitude but also pitch rate, and also indicates
whether aircraft response is consistent with pilot command (or pitch
control activity).
5. Dynamic Roll Control envelope: This envelope maps dynamic roll atti-
tude, Φ′ := Φ + Φ˙, to roll-axis control authority. The dynamic roll can
be viewed as a first-order one-second-ahead prediction of bank angle.
The envelope anticipates unusual attitudes by taking into account not
only roll attitude but also roll rate, and also indicates whether aircraft
response is consistent with pilot command (or roll control activity).
Based on a statistical analysis of past LoC events, Wilborn and Foster
concluded that “the excursion of three or more envelopes is a reliable, quan-
titative indication of loss of control” [6]. The five envelopes, which will be
referred to as LoC envelopes throughout this study, are illustrated in Fig-
ure 3.1.
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Figure 3.1: Loss-of-control envelopes, as defined in [6].
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CHAPTER 4
LOSS-OF-CONTROL PREDICTION AND
PREVENTION SYSTEM
The existing quantitative definition of loss of control, described in the previ-
ous chapter, provides a solid foundation for the development of the LoC pre-
diction and prevention system. The LoC prediction algorithm is designed to
constantly monitor the current “position” of the aircraft with respect to the
five LoC envelopes and keeps count of the number of exceeded envelopes at
any given time. The LoC prevention algorithm consists of a flight envelope
protection system and a logic that dynamically shrinks/enlarges the limits
that this protection algorithm uses, hereinafter referred to as “FEP limits”.
In particular, the protection system ensures that the flight parameters related
to the Adverse Aerodynamics, Unusual Attitude, and Structural Integrity en-
velopes are maintained within these (dynamic) FEP limits by overriding and
limiting the commands generated by the pilot. An example of such protec-
tion system can be found in [17], where the authors develop a protection
scheme that is based on a command-limiting architecture, and is designed
to protect excursions in angle of attack, angle of sideslip, pitch angle, bank
angle, vertical load factor, airspeed (or dynamic pressure), and total specific
energy. The FEP-limit adjustment logic uses the information provided by
the LoC prediction algorithm to actively control the FEP limits in order
to ensure that the aircraft always stays within a safe flight envelope, while
providing the pilot enough control authority to perform aggressive evasive
maneuvers as necessary.
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4.1 Flight Envelopes
4.1.1 LoC Envelopes
As mentioned earlier, the primary flight envelopes used in the development
of the LoC prediction and prevention system are the LoC envelopes intro-
duced in [6]. According to the QLC, the number of exceeded LoC envelopes
reflects the proximity of the aircraft to loss of control. In [6], boundaries of
the Unusual Attitude, Dynamic Pitch Control and Dynamic Roll envelopes
are assigned as fixed values corresponding to the industry standard men-
tioned in Chapter 3, while normalized values are used as boundaries for the
Adverse Aerodynamics and Structural Integrity envelopes in consideration
to different types of aircraft. Hence, the boundaries chosen for the NASA’s
TCM simulation for the latter envelopes are as listed in Table 4.1.
While the criterion for aircraft LoC proposed in [6] provides a sound
groundwork for the development of the LoC prediction algorithm, it is also
true that this criterion was established based on post-flight data analysis of
past aircraft accidents. Preliminary simulation results have revealed that, for
the purpose of in-flight LoC prediction, the original definition of the LoC en-
velopes as well as the exceedance criterion appear to be overly restrictive
when performing certain maneuvers. To address this difficulty, the definition
of loss of control proposed in [6] is slightly modified and additional flight
envelopes are introduced including (1) the Extended Envelopes for Dynamic
Pitch Control and Dynamic Roll Control, and (2) Absolute Envelopes for
Adverse Aerodynamics, Unusual Attitude, and Structural Integrity.
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Table 4.1: Boundaries of LoC envelopes assigned for NASA’s TCM.
Envelope Parameter Minimum Maximum
Adverse Aerodynamics†
α −3 deg 10 deg
β [−10,−1] deg [1, 10] deg
Unusual Attitude
Θ −10 deg 25 deg
Φ −45 deg 45 deg
Structural Integrity
nGz −0.5 g 2.5 g
EAS 199.3 kts 315 kts
Dynamic Pitch Control Θ′ −10 deg 25 deg
Dynamic Roll Control Φ′ −45 deg 45 deg
† The limits of sideslip angle vary with airspeed in order to account for the
structural load limits of the vertical tail.
4.1.2 Extended LoC Envelopes
One scenario in which the LoC criterion appears to be too conservative is
when the Unusual Attitude envelope is exceeded with near-constant pitch
and/or bank angle. Because, according to [6], the pitch- and bank-angle lim-
its of the unusual attitude LoC envelope coincide with the limits of the first
and third quadrants of the dynamic pitch control and dynamic roll control
envelopes respectively, the Unusual Attitude envelope and (at least) one of
the envelopes related to flight control use are exceeded (see Table 4.1). Ac-
cording to the QLC, this implies that this flight condition would be classified
as a borderline LoC condition or even as an LoC event. As a consequence,
the LoC prevention algorithm would have to take action and shrink the FEP
limits of flight parameters corresponding to non-exceeded envelopes, or even
start a recovery procedure. Hence, counting the excursion of pitch angle (or
bank angle) and dynamic pitch control (or dynamic roll control) as two differ-
ent LoC envelope exceedances seems to lead to a very conservative criterion
for LoC prediction, which may over-constrain the capabilities of the aircraft.
To avoid “double counting” excursions of the unusual attitude envelope,
the proposed LoC prediction algorithm does not count violations of the dy-
namic pitch control envelope whenever pitch angle exceeds its LoC limit.
Similarly, exceedances of the dynamic roll control envelope are not counted
if bank angle exceeds its LoC limit simultaneously. In other words, violations
of the LoC envelopes for dynamic pitch control and dynamic roll control are
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only counted if pitch angle and bank angle are within their LoC limits, re-
spectively. However, a pair of extended LoC envelopes for dynamic pitch
control and dynamic roll control, which enclose the original LoC envelopes,
have been defined to identify abrupt attitude departures of the aircraft. An
example of these extended LoC envelopes is illustrated in Figure 4.1 and
the boundaries used are listed in Table 4.2. Exceedances of these extended
LoC envelopes will be counted by the LoC prediction algorithm regardless
of the attitude of the aircraft. An example illustrating this modification of
the LoC criterion and how exceedances of these extended LoC envelopes will
be counted by the LoC prediction algorithm can be found in the following
section as well as in [9].
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Figure 4.1: LoC envelopes (solid blue) and extended LoC envelopes
(dashed red) for prediction of in-flight loss of control.
Moreover, additional aileron deflection may be necessary to counter the
sideslip-induced roll when flying at a particular angle of sideslip depending
on aircraft type and configuration. Flying in such conditions might result
in excursions in quadrants 2 and 4 of the dynamic roll control envelope that
exceed the extended LoC envelopes defined above. Such occurrence has been
observed repeatedly in preliminary pilot-in-the-loop simulation results with
NASA’s TCM. However, during these tests, the pilot was in control of the
aircraft at all times; therefore, such excursions should not be counted as en-
velope exceedances by the LoC prediction algorithm. To avoid this issue, the
extended LoC limits for dynamic roll control are enlarged as a function of the
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commanded angle of sideslip. This modification of the LoC criterion proved
to be beneficial for the TCM simulation, and avoided additional complex-
ity that would otherwise have been required as part of the LoC prevention
algorithm. Figure 4.2 illustrates this modification of the LoC criterion.
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Figure 4.2: Modification of the extended loss-of-control limits
for dynamic roll control as a function of the commanded angle
of sideslip.
4.1.3 Absolute Envelopes
The objective of the LoC prevention algorithm is to ensure that no more than
two LoC envelopes are exceeded at any given time and, in case three or more
envelopes are violated, that a recovery procedure starts bringing the aircraft
back into a safe flight condition, provided there is enough control authority.
As mentioned previously, the LoC prevention algorithm consists of two main
elements: a flight envelope protection system and an FEP-limit adjustment
logic. The protection system is a flight control law that ensures that the flight
parameters related to the Adverse Aerodynamics, Unusual Attitude, and
Structural Integrity envelopes are maintained within appropriate FEP limits
by overriding and limiting the commands generated by the pilot. These
FEP limits are dynamic limits that are constrained to vary between the
boundaries defined by the LoC envelopes and the boundaries of three less
restrictive envelopes, defined for adverse aerodynamics, unusual attitude,
and structural integrity. These less restrictive envelopes are referred to as
absolute envelopes and are to be understood as never-exceed limits. The
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LoC envelopes and the absolute envelopes are illustrated in Figure 4.3 as
blue and red solid lines, respectively, and the boundaries used are listed in
Table 4.2. The FEP-limit adjustment logic is responsible for dynamically
shrinking/enlarging the FEP limits based on the information provided by
the LoC prediction algorithm previously described. By actively controlling
the FEP limits, the LoC prevention system can influence the position of
the aircraft with respect to Adverse Aerodynamics, Unusual Attitude, and
Structural Integrity envelopes in order to prevent the development of an
LoC event.
In normal flight conditions, the FEP limits are set to the boundaries de-
fined by the absolute envelopes, which allows the pilot to exceed certain
LoC envelopes in order to perform aggressive, evasive maneuvers in emer-
gency situations. However, if at some time the LoC prediction algorithm de-
tects the violation of two LoC envelopes, then the FEP-limit adjustment logic
shrinks the FEP limits corresponding to flight parameters of non-exceeded
envelopes from their absolute boundaries to the more restrictive LoC bound-
aries. The goal is to prevent a third LoC envelope excursion, which would be
considered as an LoC event according to the quantitative definition proposed
in [6]. Additionally, this logic for LoC prevention includes an upset recov-
ery functionality that reacts to violations of three or more LoC envelopes by
shrinking all of the FEP limits to their LoC boundaries. The rationale is to
force all protected aircraft flight parameters back into the LoC envelopes in
order to recover from the upset condition. The FEP limits return to their
original position whenever the prediction algorithm counts less than two en-
velope exceedances.
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Figure 4.3: Loss-of-control envelopes (solid blue) and absolute envelopes
(solid red) for Adverse Aerodynamics, Unusual Attitude, and Structural
Integrity.
Table 4.2: Boundaries of Extended and Absolute Envelopes Used for
NASA’s Transport Class Model
Envelope Parameter Min. Value Max. Value
Adverse Aerodynamics† α −5 deg 12 deg
(absolute) β [−12,−1.2] deg [1.2, 12] deg
Unusual Attitude Θ −15 deg 30 deg
absolute) Φ −60 deg 60 deg
Structural Integrity nGz −1 g 2.8 g
(absolute) EAS 160.3 kts 350 kts
Dynamic Pitch Control
Θ′ −22.5 deg 45 deg(extended)
Dynamic Roll Control
Φ′ −90 deg 90 deg(extended)
† The limits for angle of sideslip vary with airspeed in order to account for the
structural load limits of the vertical tail.
4.2 Examples
The following example illustrates how the introduction of extended LoC en-
velopes and the modifications of the existing LoC criterion affect the envelope
exceedance count. Four scenarios are illustrated in Figure 4.4 for the case of
the dynamic pitch control envelope. The scenarios in Figures 4.4a and 4.4b
represent conditions in which the LoC envelope has been exceeded, but the
aircraft is still within the boundaries of the extended LoC envelope. Accord-
ing to the modified criterion, in these two scenarios, the proposed algorithm
for LoC prediction will count a single envelope exceedance. Instead, the
scenarios in Figures 4.4c and 4.4d, which represent conditions in which the
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extended LoC envelope has been exceeded, lead to a different number of en-
velope violations. While the scenario in Figure 4.4c still counts as a single
envelope exceedance, in the scenario in Figure 4.4d the LoC prediction will
count two envelope exceedances.
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(a) Scenario 1
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(b) Scenario 2
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(c) Scenario 3
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(d) Scenario 4
Figure 4.4: Four potential scenarios for Unusual Attitude and
Dynamic Pitch Control that contribute to the
envelope-exceedance count.
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CHAPTER 5
PILOT-IN-THE-LOOP SIMULATED
FLIGHT TESTS
The chapter presents the main focus of this study which is the pilot assess-
ment of the developed LoC prediction and prevention control system. It is
necessary to evaluate basic performance and handling qualities in the simula-
tion environment as well as determining whether or not the proposed system
is capable of preventing loss of control in scenarios in which prevention was
desired, without constraining the pilot from performing required maneuvers.
The initial assessment of the system was performed through the pilot-in-the-
loop simulated flight tests to evaluate the performance of the LoC prediction
and prevention system in various flight scenarios. The following sections pro-
vide an overview of the simulation facility and the aircraft model used in this
study, and most importantly, the analysis and results from the flight tests.
5.1 Illinois Simulator Laboratory
The pilot-in-the-loop simulated flight tests were performed at the Illinois
Simulator Laboratory (ISL), which is part of the Beckman Institute at the
University of Illinois at Urbana-Champaign. The ISL flight simulator, shown
in Figure 5.1, is equipped with Frasca 142 simulator cockpit, which commu-
nicates with a cluster of personal computers that provide graphical flight
environment generated by X-plane, a flight simulator software, which also
allow the developers to modify or create a new aircraft for various research
purposes [18]. For this research, NASA’s Transport Class Model (TCM) has
been integrated onto the X-Plane environment to perform maneuvers used
for an evaluation of the proposed LoC prediction and prevention system.
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Figure 5.1: Illinois Simulator Laboratory [8]
5.2 NASA’s Transport Class Model
The iReCoVeR framework utilizes NASA’s Transport Class Model (TCM)
research aircraft as a primary aircraft model to perform preliminary simu-
lated flight tests. The TCM simulation is a non-proprietary full-scale air-
craft model developed from the NASA’s sub-scale Generic Transport Model
(GTM), which is a dynamically scaled 5.5% free-flying model of a twin-jet
commercial transport aircraft developed under NASA’s Integrated Resilient
Aircraft Control (IRAC) project for the development of control systems that
prevent and/or recover an aircraft from upset conditions. A detailed descrip-
tion of the TCM research aircraft is provided in [7].
The aerodynamic database of the TCM simulation uses wide ranges of
angle of attack and sideslip angles beyond the typical values used for other
transport aircraft aerodynamic models to anticipate the values that an air-
craft experiencing loss of control may encounter. The database contains the
body axes force coefficients CX , CY , CZ and moment coefficients Cℓ′, Cm, Cn
defined as a function of the angle of attack and the sideslip angle. In addi-
tion, these coefficients also vary as a function of flap positions and Reynolds
number where the Reynolds number is a function of altitude and Mach num-
ber [7]. These coefficients can be used to calculate the lift coefficients, CL,
which measures the effectiveness of the airfoil at producing lift. The vari-
ation of CL with α is useful in determining the critical angle of attack of
an aircraft for various aerodynamic angles, Reynolds number, and control
surface deflections.
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5.2.1 Critical Angle of Attack
As previously mentioned the Chapter 2, the critical angle of attack can be
used to indicate stall, which occurs when the airflow detaches from the upper
surface of the wing resulting in a sudden loss of lift. Based on the aerody-
namic data given, this critical angle of attack can be determined by first
obtaining CL for each angle of attack, then identifying the point where there
is a sharp drop of CL. The corresponding α where the drop occurs is known
as the critical angle of attack. Because these CL values are not provided in
the database, they must be calculated from the axial force coefficients, CX ,
and the normal force coefficients, CZ , based on the following relationship:
CL = CZ cos(α)− CX sin(α)
Figure 5.2 shows plots of CL against α for all positive β
′s and six different
Reynolds numbers provided in the database. In each plot, the peaks indicate
the maximum lift coefficients prior to stall. The critical angle of attack of
the TCM aircraft varies between 13- and 18-deg when flaps are retracted.
Figure 5.3 presents the critical angle of attack of six Reynolds numbers and
sideslip angles ranging between ±45 deg. For a typical operating values of
sideslip angles (between β = ±12 deg), the critical angle of attack appears to
be constant for the same Reynolds number. However, this relationship does
not hold as the sideslip angle increases beyond this range.
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Figure 5.2: CL-alpha plots for positive sideslip angles and Reynolds
numbers.
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Figure 5.3: Critical angle of attack for various sideslip angles and Reynolds
numbers with flap retracted.
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Besides the sideslip angles and Reynolds numbers, CL also varies depending
on the flaps position. Different types of flaps have different effects on the
critical angle of attack. Nonetheless, the common effect that flaps has on an
aircraft is that they increase CL of an aircraft for the same α and the decreases
the stall speed, allowing the aircraft to fly at lower airspeeds without stalling.
For the flaps employed by the NASA’s TCM aircraft, an increase in flaps
deflection for the same aerodynamic angles and Reynolds number leads to
an increase in the critical angle of attack. The effect can be seen in Figure 5.4,
where β is held constant at zero and flaps position varies between 0- to 30-deg
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Figure 5.4: Effect of flap on the critical angle of attack for β = 0.
Finally, Figure 5.5 shows all the critical angle of attack corresponding
to seven different flaps positions for various sideslip angles and Reynolds
numbers. In the case where flaps are fully extended to 30 deg, the critical
angle of attack can vary between 12- and 24-deg depending on β and the
Reynolds number.
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(f) 30 deg Flap extension
Figure 5.5: Effect of flap on the critical angle of attack for various Reynolds
numbers and β’s.
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5.3 Simulated Flight Test Scenarios and Results
Once the control architecture has been integrated into the flight simulator,
a test plan is created in support of the development and assessment of the
LoC prediction and prevention system. The objective of these piloted simu-
lated flight tests is to verify that the proposed LoC prediction and prevention
system operates as desired during both standard and aggressive flight ma-
neuvers, and also in the presence of adverse environmental conditions such
as a microburst. The test results need to demonstrate that the control ar-
chitecture does not constrain the pilot from performing required maneuvers.
Critical flight parameters, such as control-axis rates, maximum airspeed, and
critical angle of attack have been evaluated through various test flight maneu-
vers. A selection of scenarios used for the evaluation of the LoC prediction
and prevention system includes (1) a skill pattern test, (2) a continuous pitch
up and turn, starting at 10, 000 ft and 250 KCAS, and (3) a flight through a
microburt (a replication of Delta Flight 191 accident), starting at 800 ft and
180 KCAS.
For each test, the plots presented illustrate flight parameters corresponding
to the longitudinal dynamics of the aircraft, its lateral-directional dynamics,
and energy-related states and control inputs. These flight parameters are
listed in Table 5.1. The time responses of these flight parameters through-
out the test maneuvers are displayed in solid blue lines, while red solid lines
and red dashed lines represent the FEP-limits used by the flight envelope
protection system and LoC envelopes limits respectively. Pilot commands
are indicated by solid green lines. Gray shaded areas of all plots indicate
the violation of LoC envelopes according to the logic described in Chapter 4.
In particular, light gray indicates one LoC envelope exceedance, mid gray
indicates two LoC envelope exceedances, while dark gray indicates three or
more LoC envelope exceedances. For the set of simulations in which the
LoC prediction and prevention system is engaged, the activity of this pre-
vention system is apparent from the fact that the FEP limits vary between
their absolute boundaries and the boundaries of the LoC envelopes. In the
flight through a microburst scenario, an additional plot of the wind field is
provided to illustrate the wind’s behavior throughout the tests. The wind
field plot includes (1) North wind, which indicates direction of a lateral gust,
(2) East wind with negative values representing the headwind and positive
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values representing the tailwind, and (3) Vertical wind with negative values
representing the updraft and positive values representing the downdraft.
Table 5.1: Flight parameters considered in the analysis of these flight tests.
Symbol Flight Parameter
α Angle of attack
q Pitch rate
C∗U Pitch-axis command variable
(combination of load factor, pitch rate, and airspeed error)
nGz Vertical load factor at the center of gravity
EAS Equivalent airspeed
Θ Pitch angle
q¯ Dynamic pressure
h Altitude
β Angle of sideslip
pS Lateral command variable stability-axis roll rate
r Yaw rate
Φ Bank angle
ay Lateral acceleration
Ψ Heading angle
E/m Total specific energy
E˙/m Rate of change of total specific energy
δthr Throttle setting
δsp Spoiler deflection
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5.3.1 Skill Pattern
The objective of the test is to investigate whether the LoC prediction and
prevention system affects the execution of standard maneuvers in normal
flight operation. This preliminary test was initiated by developing and flying
a flight test pattern consisting of straight and level flight, 25-deg bank turns,
1, 000-ft/min climbing turns and descents, and airspeed increases and de-
creases. The pattern is shown in Figure 5.6. Although this test pattern does
not include all maneuvers that a transport aircraft might routinely perform,
it does represent a subset of simple maneuvers that can be easily analyzed
and compared with and without the LoC prediction and prevention system
engaged. All maneuvers in the test pattern are flown in the range of 9, 000-
to 12, 000-ft altitude, 0- to 25-deg bank angle, and 250- to 280-kts airspeed.
This range of maneuvering was selected because it should not activate the
LoC prediction and prevention system. A trial of the pattern was flown with
the LoC prevention system engaged. As a result, the LoC prediction and
prevention system behaved as expected in all cases with no interactions ob-
served during the test pattern trial flight. Figures 5.7-5.9 show the results of
the piloted tests with the LoC prediction and prevention system engaged.
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Figure 5.6: Flight test pattern.
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Figure 5.7: Longitudinal flight parameters of a skill pattern test.
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Figure 5.8: Lateral-directional flight parameters of a skill pattern test.
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Figure 5.9: Total energy, throttle setting, and spoiler deflection of a skill
pattern test.
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5.3.2 Continuous Pitch-Up and Roll
In this test, the pilot was asked to simulate a scenario of a turn that gets
out of hand during a climb by pulling the control column and simultaneously
rolling the aircraft to an “unrealistic” 90-deg bank angle. Similar to the
previous scenario, the test is performed with and without the LoC prediction
and prevention control system being engaged. The results of these two piloted
simulations are as follows.
Without LoC prediction and prevention: The results from this test
scenario are presented in Figures 5.10-5.12. In the beginning, a pilot com-
manded an abrupt pitch-up maneuver, which immediately led an aircraft to a
brief excursion of three LoC envelopes at t = 3 s, including the Adverse Aero-
dynamic, the Structural Integrity, and the Dynamic Pitch Control envelopes
from the violations of angle of attack, normal load factor, and dynamic pitch
attitude, respectively. These exceedances can be indicated by the dark-gray
shaded areas. The envelope exceedances count reduced to two as the normal
load factor and the dynamic pitch attitude returned to their safe limits, while
the pitch attitude began to exceed its LoC envelope. As the pilot continued
to hold the control column to its full-aft position, airspeed eventually reached
its lower LoC limit as it fell below its absolute lower limit at t = 11 s and
became the third LoC envelope exceedance. By this time, the angle of at-
tack had already exceeded its critical angle of attack, which is an indication
of a stall. While in stall, the aircraft also reaches a 90-deg bank angle as
a result of the lateral pilot command. The pilot was able to recover from
this stall condition but it is evident that, during the recovery, the aircraft is
not able to follow the pilot command. The LoC prediction system detected
the exceedance of (at least) three LoC envelopes for more than 20 s. This
conclusion is in agreement with the prediction of the quantitative criterion
for loss of control described in Chapter 4.
With LoC prediction and prevention: Figures 5.13-5.15 present results
from this test scenario. Similar to the previous test, an abrupt pitch-up pilot
command caused the angle of attack and the dynamic pitch to violate their
LoC limits shortly after the maneuver was executed. However, with the LoC
prediction and prevention system engaged, the flight envelope protection im-
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mediately modified the FEP limits of the other envelopes in order to prevent
the aircraft from exceeding more than two LoC envelopes, which would be
considered as a loss of control. An example of the FEP limit modification
can be seen when the LoC prevention system shrank the FEP limit for angle
of attack between t = 14 s and t = 20 s. The LoC prediction and preven-
tion system was able to prevent the aircraft from exceeding more than two
LoC envelopes throughout the test with minor exceptions at t = 6 s, t = 12 s
and t = 20 s. These exceptions arise from a pitch-down command caused by
the stall-speed protection system and the reversal of the lateral pilot com-
mand, respectively. Both events lead to temporary violations of the extended
LoC envelopes for dynamic pitch control and dynamic roll control in quad-
rants 2 and 4 (see Figure 4.1), which can be easily explained by the fact that
control surface deflections evolve at a faster time scale than attitude angle
and their rates of change. In summary, it can be argued that these violations
result from ‘recovery’ procedures initiated by the flight envelope protection
system and the pilot and are, therefore, unavoidable. In addition, the air-
craft was able to maintain the climbing turn without any significant loss in
altitude when the LoC prediction and prevention system was engaged.
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Figure 5.10: Longitudinal flight parameters of a continuous pitch-up and
roll scenario without LoC prediction and prevention.
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Figure 5.11: Lateral-directional flight parameters of a continuous pitch-up
and roll scenario without LoC prediction and prevention.
Figure 5.12: Total energy, throttle setting, and spoiler deflection of a
continuous pitch-up and roll scenario without LoC prediction and
prevention.
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Figure 5.13: Longitudinal flight parameters of a continuous pitch-up and
roll scenario with LoC prediction and prevention.
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Figure 5.14: Lateral-directional flight parameters of a continuous pitch-up
and roll scenario with LoC prediction and prevention.
Figure 5.15: Total energy, throttle setting, and spoiler deflection of a
continuous pitch-up and roll scenario with LoC prediction and prevention.
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5.3.3 Flight through a microburst
A scenario of interest to this particular simulated flight test is the atmo-
spheric conditions encountered in a microburst, which are characterized here
by a combination of tailwind, downdraft, and a lateral gust. A similar com-
bination of winds is assumed to have caused the fatal accident of the Delta
Flight 191 in Dallas in 1985, where 137 people were killed after the Lockheed
L-1011 suddenly lost altitude during the final approach to the airport. Ac-
cording to the National Transport Safety Board (NTSB) accident report of
the incident, the wind field analysis revealed that “...flight 191 encountered
a strong downflow for a period of 20 seconds, followed by a series of rapid
changes in vertical wind direction spaced about 5 seconds apart. In the pe-
riod of the major downflow, the airplane experienced downdrafts from about
6 knots to about 24 knots. As the airplane entered the downflow, the head-
wind increased from about 10 knots to a maximum of 27 knots. Then, during
a period of 26 seconds, there was a change to a 40-knot tailwind. Based on
the rotation of the horizontal wind direction, the source of the downflow ap-
peared to have been to the west of the flightpath” [19]. Figure 5.16 illustrates
a vertical cross section of the microburst encountered by the Delta Flight 191
based on the flight recorder data.
To replicate the Delta Flight 191 accident atmospheric conditions in the
simulator facility, the combination of tailwind, downdraft, and lateral gust
are modeled in the simulator as time-varying velocity fields whose directions
are fixed with respect to the North-East-Down coordinate frame. The pilot
was asked to maintain wings-level flight at 800 ft above ground level at an
airspeed of 180 KCAS, while minimizing altitude loss and maintaining initial
heading, and was allowed to adjust the throttle setting as needed. The pilot
was informed about the presence of adverse environmental conditions, but
did not know the exact nature of the wind field that the aircraft would
encounter. The pilot-in-the-loop simulated flight tests were performed with
and without the LoC prediction and prevention control system being engaged.
The following are results of the piloted simulations.
Without LoC prediction and prevention: Figures 5.17-5.19 show the
simulation results for this particular scenario with the LoC prediction and
prevention system disengaged and flaps retracted. As shown in Figure 5.17,
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Figure 5.16: A vertical cross section of the microburst encountered by the
Delta Flight 191 [20]
the aircraft was flying close to the stall speed when it experienced the first
noticeable effect of the wind field, shown in Figure 5.20, due the headwind
and the updraft at t = 40 s causing the airspeed to slightly increase. Shortly
after, the airspeed decreased due to the downdraft, along with the effect of
the tailwind and lateral gust, which led to a loss of altitude. In response
to the condition, the pilot set the throttle lever to the full-throttle position,
slightly pulling the control column, and applied rudder. After t = 62 s, the
aircraft experienced a series of rapid changes in vertical wind direction and
the pilot had to constantly adjust the control column in order to maintain the
aircraft. Although the abrupt changes in the direction of the vertical wind
cause the large excursions in angle of attack multiple times between t = 62 s
and t = 74 s as shown in Figures 5.17, the airspeed did fall below stall speed
and the pilot was still in control of the aircraft. At approximately t = 74 s,
the pilot flew out of the wind field and the aircraft states slowly returned
to normal values. The aircraft recovered from a microburst at 600 ft above
ground level.
With LoC prediction and prevention: The test was repeated with the
same wind field and initial conditions, but with the LoC prediction and pre-
vention system engaged. The results are shown in Figures 5.21-5.23 and the
wind field is illustrated in Figure 5.24. As in the test without the LoC predic-
tion and prevention system engaged, the pilot first experienced an increase
in airspeed due to the headwind and the updraft at t = 30 s followed by the
downdraft, the tailwind and lateral gust. The rapid changes in the vertical
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wind direction between t = 50 s and t = 62 s caused the angle of attack to
exceed its limit while the aircraft was flying above the stall speed. How-
ever, the LoC prediction algorithm counted these peaks as an envelope viola-
tion and overrode the pilot command with a nose-down command to recover
from what the system recognized as a “stall” even though it was very in-
stantaneous. This nose-down command hindered the pilot from maintaining
altitude throughout the maneuver. In this test, the LoC prediction and pre-
vention system was performing as expected in order to maintain the aircraft
within the envelopes according to the prediction of the quantitative LoC cri-
terion, but it was preventing the pilot from the performing an appropriate
recovery procedure from the microburst. Although the aircraft successfully
recovered at approximately 200 ft above ground level, the recovery might not
have been successful had this combination of winds and gusts been experi-
enced at lower altitude.
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Figure 5.17: Longitudinal parameters of a flight through a microburst
without LoC prediction and prevention.
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Figure 5.18: Lateral-directional parameters of a flight through a microburst
without LoC prediction and prevention.
Figure 5.19: Total energy, throttle setting, and spoiler deflection parameters
of a flight through a microburst without LoC prediction and prevention.
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Figure 5.20: Wind profile of a microburst experienced by the aircraft
without LoC prediction and prevention.
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Figure 5.21: Longitudinal parameters of a flight through a microburst with
LoC prediction and prevention.
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Figure 5.22: Lateral-directional parameters of a flight through a microburst
with LoC prediction and prevention.
Figure 5.23: Total energy, throttle setting, and spoiler deflection parameters
of a flight through a microburst with LoC prediction and prevention.
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Figure 5.24: Wind profile of a microburst experienced by the aircraft with
LoC prediction and prevention.
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CHAPTER 6
CONCLUSIONS
This study presented results from the pilot-in-the-loop simulated flight tests
of an LoC prediction and prevention system for NASA’s Transport Class
Model. The purpose of these tests is to determine whether or not the
LoC prediction and prevention system is capable of detecting and arrest-
ing the development a sequence of events that may lead to an aircraft loss
of control or initiating a recovery procedure to bring the aircraft back to a
safe flight condition. The proposed LoC prediction and prevention system
has been integrated to the simulation environment at the Illinois Simulator
Laboratory at the University of Illinois at Urbana-Champaign. A test plan
has been developed and several tests have been conducted for the preliminary
assessment of the LoC prediction and prevention system. The test results
have shown that the LoC prediction and prevention system does not affect
the execution of standard maneuvers in normal flight operation and it is able
prevent the aircraft loss of control based on the quantitative definition intro-
duced by Wilborn and Foster. However, in the scenario where the aircraft
experienced adverse environmental conditions at lower altitude, the system
appears to be over-restricting the pilot from performing required maneuvers
for the recovery.
Future work will include modifications to LoC prediction algorithm such
that altitude is taken into consideration to prevent the system from constrain-
ing the pilot from performing required maneuvers to avoid ground contact.
Besides the altitude, the simulation results from the microburst scenario have
also shown the need to take the rate of change of the angle of attack into
account as the rapid changes of the wind direction may affect the value of
angle of attack read by the sensor. Moreover, the FEP-limit adjustment
logic will have to be modified such that it takes flight envelope priorities into
account instead of the current implementation, which uses the chronological
order of envelope exceedances to shrink/enlarge the FEP limits. In addition,
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more test scenarios will be conducted for the handling qualities assessment
and validation of the LoC prediction and prevention control system. A more
rigorous approach will be taken to evaluate the performance of the overall
control system to ensure that it meets the pilots’ acceptance of the han-
dling qualities, and to investigate potential adverse interactions between the
LoC prevention system and the test pilots. Finally, the baseline flight con-
trol law developed under the iReCoVeR framework will be augmented with
an L1 adaptive controller, which guarantees robustness of the closed-loop
system with fast adaption in the presence of uncertainties and disturbances.
An in-depth description of the L1 adaptive-control theory is available in [21]
and [22].
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